ABSTRACT Using a threshold model where a minimum level of host viremia is necessary to infect vectors affects our assessment of the relative importance of different host species in the transmission and spread of these pathogens. Other models may be more accurate descriptions of the relationship between host viremia and vector infection. Under the threshold model, the intensity and duration of the viremia above the threshold level is critical in determining the potential numbers of infected mosquitoes. A probabilistic model relating host viremia to the probability distribution of virions in the mosquito bloodmeal shows that the threshold model will underestimate the signiÞcance of hosts with low viremias. A probabilistic model that includes avian mortality shows that the maximum number of mosquitoes is infected by feeding on hosts whose viremia peaks just below the lethal level. The relationship between host viremia and vector infection is complex, and there is little experimental information to determine the most accurate model for different arthropodÐvectorÐ host systems. Until there is more information, the ability to distinguish the relative importance of different hosts in infecting vectors will remain problematic. Relying on assumptions with little support may result in erroneous conclusions about the importance of different hosts.
In many vector-borne zoonotic diseases, it can be difÞcult to determine the relative importance of different vertebrate hosts that serve as the reservoir or ampliÞcation hosts. Determining which species of vertebrates in a given environment serve as a source of the pathogen for vectors is essential for understanding the epidemiology of vector-borne diseases. Such information would allow a more precise understanding of the transmission cycle and how it changes in space and time and improve prediction and control strategies. Although this is a common problem in most vector-borne diseases with zoonotic reservoirs, we consider mosquito-borne arboviruses herein.
Which vertebrate species contribute the most to vector infection depends on their abundance, their frequency of contact with the vector, and their ability or competence in infecting the vector. Criteria for implicating vertebrates as reservoir hosts have been suggested (Milby and Reeves 1990, Woodring et al. 1996) , but it is often difÞcult to interpret the roles of different species in systems with many potential hosts contributing to the epidemiological cycle. Host competence can be measured by laboratory studies or is inferred from the levels of the virus in the host blood. Although there have been many studies indicating that this is a complex, dynamic relationship (Hardy and Reeves 1990a,b; Brault et al. 2004; Reisen et al. 2005) , it is sometimes assumed that the vertebrate species with the highest average virus load circulating in the peripheral blood is likely to be the most important for virus epidemiology. This may be true in some cases but may underestimate the epidemiological importance of other species.
The arboviruses addressed herein, although sharing the characteristics that the primary vectors are mosquitoes and the primary zoonotic hosts are avians, differ substantially in other attributes. The recently introduced West Nile virus (family Flaviviridae, genus Flavivirus, WNV) is unusual in that it causes signiÞ-cant avian mortality (Bernard et al. 2001 , Hadler et al. 2001 , Kulasekera et al. 2001 , McLean et al. 2001 , Petersen and Roehrig 2001 , Swayne et al. 2001 ) and exceptionally high viremias in some bird species (Work et al. 1955 , Komar et al. 2003 , Weingartl et al. 2004 , Reisen et al. 2005 . In contrast, St. Louis encephalitis virus (family Flaviviridae, genus Flavivirus, SLEV) usually does not cause avian mortality and typically produces low-to-moderate viremias Aguirre et al. 1992; Reisen et al. 1994 Reisen et al. , 2001 ). The equine encephalitides eastern (family Togaviridae, genus Alphavirus, EEEV) and western (family Togaviridae, genus Alphavirus, WEEV) equine encephalomyelitis viruses typically show lowto-moderate avian viremias, rarely with mortality in native birds (Kissling et al. 1954; Hardy and Reeves 1990a; Aguirre et al. 1992; Reisen et al. 1994 Reisen et al. , 2001 McLean et al. 1995) . However, high viremias and high mortality have been observed in experimental infections in some avian species (Kissling et al. 1954; Hardy and Reeves 1990a) .
There have been many studies on the vector competence of different mosquito species for various arboviruses. In the laboratory, these mosquitoes are fed on artiÞcial bloodmeals, infected hosts, or a combination, in this case, primarily birds, and then tested for infection, dissemination, or transmission. By also testing the birds or bloodmeal source for viral titer, the relationship between viremia titer and mosquito infection is inferred. However, it has been observed (Kramer et al. 1981, Hardy and Reeves 1990a) that infection and transmission rates are higher when viremic hosts are used as the bloodmeal source. The experimental design used, sample sizes, and resulting estimates of mosquito infection rates and thresholds for infection vary greatly Jupp 1976; Jupp et al. 1986; Turell et al. 2005 ). However, relatively few studies have examined transmission to mosquitoes over a sufÞcient range of viremias to determine the shape of the relationship between vector infection and host viremia. Hardy and Reeves (1990b) (and references therein) examined the relationship between viremia and infection rate for many strains of WEEV and SLEV, mosquito species, and populations and host species, whereas Jupp (1976) and Jupp et al. (1986) used three or more viremia levels of WNV and Sindbis virus to study infection in South African Culex species. However, the shape of the relationship between host viremia and mosquito infection rates is still unknown for many combinations of host, virus, and vector species.
The assumption that there are threshold host viremias needed to infect different mosquito species has been prominent in determining which bird and mosquito species contribute most to WNV transmission (Turell et al. 2005) . Although authors often acknowledge that other factors play a role (Turell et al. 2005) , discussion frequently then focuses on the corvids, which generally develop extremely high viremias, and hosts developing lower viremias are considered of lesser or no importance epidemiologically. The assumption of a threshold for infection underlies the assertion that hosts with viremias below such a threshold can be considered "dead end" hosts and play no role in the epidemiology of the virus. The infection of vectors should be considered in a probabilistic sense; at any given viremia, there is some probability that the vector will become infected. This probability may approach 0 at low viremias and 1 at high viremias but may or may not actually reach either limit. This then calls into question any possibility of a dead end host or a "safe dose" of virus (Reisen et al. 2005) .
A complex series of events is required for a mosquito to become infected and then to be able to transmit an arbovirus. The mosquito must Þnd a host and that host must have an active viremia. SufÞcient virus must be imbibed during the bloodmeal for virions to migrate through the bloodmeal to the midgut wall, attach to receptors, and penetrate the midgut. This is likely to depend not only on the number of virions ingested in the bloodmeal but also on movement of virus within the bloodmeal, components of saliva and plasma, or other factors. Virus must be able to replicate in the hemocoel and other tissues and then virions must spread to the salivary glands, penetrate the salivary epithelium, and replicate sufÞciently to deliver an infectious dose to a susceptible host during the next bloodmeal (Hardy et al. 1983 , Lehane 1991 . The number of infected mosquitoes produced from a single infected bird depends on the efÞciency of each of these events plus the number of mosquitoes feeding on the host and the duration of the host viremia. There may be interactions between the intensity and duration of host viremia, dependent on the susceptibility of the host to the virus and other immunological factors. We currently do not have a sufÞcient understanding of many of these processes for many virusÐ hostÐvec-tor combinations.
Mosquito infection after an infectious bloodmeal may follow a threshold model or some variant, but other relationships are likely Reeves 1990a, Reisen et al. 2005 ; Fig. 1) . Similarly, the relationship between the intensity and duration of host viremia may vary among species. Assuming a threshold relationship between host viremia and mosquito infection or that hosts with the highest viremia are the most important may result in incorrect assessments of which host species are contributing to the population of infected mosquitoes and which bird species play a prominent role in the geographical distribution of the virus. This then decreases our ability to understand arbovirus epidemiology, to assess risk, and to design disease control programs. Interestingly, Chamberlain et al. (1954) used the term "threshold" to refer to the viremia that would infect 1Ð5% of the vectors rather than the all-or-nothing model often currently described as a threshold. Although biologically more informative, ChamberlainÕs deÞnition does not Þt the conventional or mathematical use of the term threshold. We use the term in the mathematical sense such that infection does not occur below the threshold. We use ChamberlainÕs deÞnition in developing alternative models. Herein, we model the relationships between host viremia and mosquito infection to explore the importance of the assumptions used to assess relative host importance. We focus on conditions that make it more likely that hosts that produce lower viremias contribute signiÞcantly to infection of vectors.
Materials and Methods
We developed a series of models examining factors including the relationship between maximum viremia and the duration of viremia, the probability of virions in the bloodmeal taken up from the host, and host mortality. These are simple mathematical equations examined analytically and graphically. Models were numerically solved for illustration using either Maple version 8 (Waterloo Maple Inc., Waterloo, Ontario, Canada) or Excel Professional 2003 (Microsoft, Redmond, WA). Each model is outlined below. For simplicity, it was assumed that a host, herein a bird, received 100 mosquito bites per day, and there was no effect of host infection or level of viremia on the number of bites a host received. In addition, we assumed that all infected mosquitoes can transmit virus. There is evidence that the dose of virus ingested can affect the transmission rate as well as the dissemination or infection rate (Kramer et al. 1981 , Reisen et al. 2005 ; however, there is little information available. These assumptions were made to focus attention on the relationship between viremia and vector infection, and the consequences of changing these assumptions will be examined in future work. Parameters are listed in Table 1 .
Model I: Threshold for Infection. We assumed that mosquito infection exhibited a threshold response where all mosquitoes are infected above a threshold of viremia, and below this level no mosquitoes are infected (Fig. 1, solid line) . This model is used to infer dead end hosts or hosts that do not develop sufÞcient viremia to infect mosquitoes and therefore play no role in the infection of mosquitoes with an arbovirus. It is an extreme case and is used to develop the baseline for comparison with the other models and to consider the consequences of a true threshold for vector infection. If P(inf) is the probability of infection of a mosquito that bites a host with viremia v and v T is the threshold viremia required for infection, then
We then consider the effect of two different relationships between the duration (d) and intensity of viremia (v). For simplicity, the viremia is assumed to be constant during the entire infectious period. In the Þrst case, we assume that the duration of the host viremia above the threshold for infection lasts longer with increasing viremias. This is modeled by a linear equation in our example, with parameters set to result in a duration of 5 d when the viremia is Þve log 10 virions/ml:
The second case considered is the reverse, where higher intensities of virus occur with shorter duration of infection above the threshold. This may occur if birds die as a result of the high viremia. Again, we use a linear equation with parameters set to give d ϭ 5 when v ϭ 5:
[3]
Note that these examples are chosen purely for purposes of illustration; many other relationships, both linear and nonlinear, between d and v are possible. We then calculate the number of infected mosquitoes produced by one infected bird (N inf ) as
where B is the number of mosquito bites per day on a host (set at B ϭ 100 for all examples shown herein). Model II: Probabilistic Model. Infection of a mosquito likely depends on the dose of virus (number of virions) ingested during the bloodmeal. Low host viremias, e.g., 10
2 PFU/ml, will result in a high percentage of mosquito bloodmeals that contain no or very few virions assuming virions are randomly distributed in the blood. Therefore, the likelihood of vector infection depends not only on the number of virions in a vector bloodmeal (a probability distribution based on the overall viremia and the size of the bloodmeal) but also on the distribution of virions in the blood, movement of virions within the midgut, receptor interactions, and facilitation or inhibition by salivary or immunological components. Observed nonrandom distributions of virus in bloodmeals (Weaver et al. 1993 ) are likely to be the result of virus movement during digestion, but the effects of this on vector infection are not known. Herein, we consider one potential scenario: a random distribution of virions in the blood, such that the number of virions per microliter blood follows a normal distribution with mean z (Fig. 2a) , a 5-l bloodmeal volume, and a viremia lasting 5 d (with the same distribution of virions in the blood on each day). We then examine the probability that a mosquito becomes infected after ingesting a bloodmeal sampled from a host with mean z over a range of virions needed for successful infection of the mosquito. Note that 500 virions in a 5-l bloodmeal is equivalent to an overall host viremia of 10 5 virions/ml or 5 logs of virus. Thus, the probability of Z virions in the bloodmeal is the probability density function (pdf) of the normal distribution:
The probability of infection then depends on the number of virions needed to infect the mosquito, Z crit . Note that Z crit is a threshold, but that in this model the threshold is acting at a Þner level (the mosquito gut). The goal of this probability model is to investigate the effect of the probability of having different numbers of virions in the bloodmeal. The probability of less than Z crit virions in the bloodmeal is the cumulative density function (cdf); therefore, the probability of at least Z crit virions in the bloodmeal is
The cdf of the normal distribution cannot be solved analytically and was estimated numerically using the cdf(normal) routine in Maple. Figure 2b shows the probability of infection for different values of z and Z crit . Note that these curves are sigmoidal in shape, similar to some experimental results Reeves 1990b, Reisen et al. 2005) and similar in principle to the idea of of a threshold where 1Ð5% of the vectors are infected.
The number of infected mosquitoes from one bird is then
[7]
Model III: Probabilistic Model with Bird Mortality. In this model, viremia changes over time in an individual host, and high viremias kill the host. We assume that viremias Ͼ8 log 10 virions/ml are lethal. We use three examples of possible patterns of viremia (Fig.  3a) . These patterns could represent averages for three different host species, populations within a host species, or three different individuals. For convenience, we treat them as three representative individuals of three different species: one individual with low susceptibility, developing a low viremia that resolves after 10 d (species 1); one individual with moderate susceptibility and a higher titer viremia (species 2); and a third individual that is highly susceptible to the virus, developing high titers and dying quickly (species 3). We differentiate the curves by considering the theoretical peak viremias (v p ); the peak viremia that would be achieved if the host did not die (see the dashed lines in Fig. 3a) . Mathematically, the patterns are calculated as
where t is the day postinfection, and s is a parameter describing the duration of the viremia. For all examples shown here, the peak viremia occurs on day 5 after infection. Note that the shape and equation of these curves were chosen for convenience; other patterns for viremia over time are possible and indeed probable. Similar results to ours will be obtained with any shape for viremia over time which is concave down, i.e., rises to a peak and then declines back to zero. For simplicity, we assume that the probability of infection is related to viremia by a sigmoidal function (Fig. 3b) . This is based on the curves developed in model II, but it is described by the equation
[9]
The parameter values for this equation were chosen to give a mosquito infection rate of 50% at a host viremia of 5 log 10 virions/ml. By substitution, the probability of infection over time is (Fig. 3c) :
As in models I and II, N inf is then given by 
N inf ϭ t B‫ء‬P(inf).
[11]
Results
Model I: Threshold for Infection. With a threshold viremia for mosquito infection, the number of mosquitoes infected depends on the relationship between the duration and the intensity of host viremia (Fig. 4a   and b) . If the duration of infectiousness increases with peak viremia, the number of infected mosquitoes also increases with viremia. In this case, birds with the highest viremias contribute the most to the population of infected mosquitoes (Fig. 4a) . If, however, higher levels of viremia also have shorter durations, birds with viremias at the threshold for mosquito infection contribute the most infected mosquitoes (Fig. 4b) .
Model II: Probabilistic Model. With the probabilistic model of infection, the number of mosquitoes infected is dependent on the viremia in the blood, which determines the probability of different numbers of virions in different bloodmeals, and the number of virions required for vector infection (Fig. 5 ). If this model is more accurate, assuming there is a threshold viremia for vector infection will miss signiÞcant contributions to the infected mosquito population from birds with viremias below the assumed threshold.
Model III: Probabilistic Model with Bird Mortality. If high viremias cause bird mortality, the probability of infection goes to zero at the lethal viremia (when the bird dies) in the time course of the infection. As a result, birds whose peak viremia occurs just below the lethal level produce the highest number of infected mosquitoes (Fig. 6) . In our example, we considered three species of birds, but this lethal level may vary between individuals of the same species or populations as well.
Discussion
The models and examples shown here indicate that the relationship between host viremia and resulting number of infected mosquitoes is complex. These cases were not chosen to reßect a particular species of host, vector, or virus, because the data necessary for this level of accuracy are not available for many combinations of virus, vector, and host. Rather, they were chosen to illustrate different scenarios that may occur and to demonstrate that there are conditions where hosts with low viremias may contribute signiÞcantly to the population of infected vectors. The relative frequency of these conditions compared with conditions where birds with higher viremias are more important is unknown and will require detailed Þeldwork on the relative abundances of bird species and host choice by mosquitoes. The assumption that there is a threshold level of viremia below which a vector species will not be infected needs to be evaluated. Further data on the relationships between the intensity and duration of viremia, host mortality levels, and vector infection are needed for accurate assessment of the relative importance of different vertebrate hosts. Variation among individual hosts, as well as at the population and species level, also needs to be considered.
Support for a threshold model of vector infection is often inferred from studies that have not fully considered the effect of host viremia and low sample sizes of vectors to determine the infection rates. The difÞculty in conducting these experiments, particularly with human pathogens, prohibits extensive but essential studies of the doseÐresponse between host viremia The statistical methodology required to accurately assess the parameters and shape of these relationships is not trivial and has not been well developed for this speciÞc problem. There has been extensive work on statistics for doseÐresponse relationships in the medical literature, mostly in cancer research (Williams 1988 , Neuhäuser and Hothorn 1999 , Hothorn and Bretz 2000 , Bretz and Hothorn 2002 . More research on this issue for arbovirus infection rates is needed, particularly for estimation of sample sizes needed to detect differences.
Currently, almost all vector competence experiments characterizing the relationship between host viremia and vector infection suffer because of the low numbers of mosquitoes used in the test. Below viremias of 10 3 virions/ml, there will be many bloodmeals that contain no virions or very few virions because of chance alone and hence few mosquitoes will become infected. Tabachnick et al. (1996) showed that only 35% of Culicoides sonorensis Wirth & Jones intrathoracically inoculated with 0.2-l aliquots of blood from a host with a viremia of 3 log 10 plaque-forming units (PFU)/ml of bluetongue virus became infected. This is consistent with the random distribution of virus in the blood because the expected distribution of virions (based on a Poisson distribution) resulted in Ϸ65% of the inoculums not containing virus. For mosquito bloodmeals at 10 2 virions/ml, Ϸ60% of 5-l bloodmeals will not contain a virion because of chance alone, and at 10 3 virions/ml, Ϸ60% of 5-l bloodmeals will contain Þve or less virions. In these cases, if few vectors become infected because of chance, such hosts may be viewed as not contributing to the spread of the virus to vectors. However, in nature such low viremias could still result in infected and transmitting mosquitoes, depending on the numbers of hosts with this viremia, the duration of the viremia, doseÐinfec-tionÐtransmission relationships, and the numbers of mosquitoes that are biting these hosts. There may be little difference in the numbers of mosquitoes infected by a single bird with 10 5 viremia and 100 birds with viremias of 10 3 . Low viremic hosts may play a far greater role in the spread of the virus than hosts with high viremias. However, there is some evidence that the viremia in the bloodmeal affects not only the probability of infection but also the probability of transmission by the mosquito (Kramer et al. 1981, Hardy and Reeves 1990a) , with higher viremias resulting in higher transmission rates. Low viremias (hence, low doses of virus ingested) could therefore result in reduced transmission rates, potentially to zero. However, we do not have sufÞcient data to assume that low doses of virus never result in vectors that can transmit. This requires further research to assess the implications for virus epidemiology.
The importance of low host viremias has not been fully explored, and the number of virions in an individual bloodmeal needed to infect vectors requires study. Most reports of host viremia and vector infection variation can be explained largely by the random distribution of virus in mosquito bloodmeals that are dependent on the level of viremia. Methodological issues may also be a factor. Our theoretical studies consider the number and distribution of virions in the blood of a host. It is likely that this does not correspond precisely to measured virions per milliliter, because the sensitivity of many of the methods used to measure virus concentration was not known exactly, and the sensitivity has changed as technology and methods improved. For theoretical studies, considering virions per milliliter is appropriate; however, to compare with experimental data, we need an assessment of measurement accuracy for different methods.
The recent discovery of nonsystemic transmission of WNV (Higgs et al. 2005 ) also calls into question the idea of dead end hosts. In this case, virus is transmitted between two mosquitoes feeding simultaneously, without the host becoming viremic. The epidemiological implications are not yet fully understood and may vary between locations, host, and mosquito species. Lord and Tabachnick (2002) considered the implications for another ßy-borne arbovirus, vesicular stomatitis, but the results are not directly comparable because of the lack of viremic transmission in that system. Similar studies will be required with WNV and other arboviruses to understand the implications in systems with both viremic and nonviremic transmission, as has been done for tick-borne pathogens (Randolph et al. 1996) .
The signiÞcance of different host species for arbovirus epidemiology requires information on the variation in host viremias, the numbers of the host species receiving mosquito bites, the number of virions required to initiate a replicating infection in a mosquito and the probability of infecting different vector species, coupled with an understanding of the dynamics caused by environmental factors such as temperature. Experiments to address these issues require at least three, and ideally more, levels of viremia chosen to span the range of Ͻ5% infection to Ͼ90%. Mosquitoes should be tested for both infection and transmission rates, with sufÞcient sample sizes to differentiate low rates of infection from zero and analyze the shape of the curve. Until sufÞcient data are available to clearly differentiate between potential models, assuming a threshold of infection for mosquito vectors will underestimate the contribution of hosts with low viremia. This, in turn, may lead to erroneous conclusions about which avian species are most important in the epidemiology and in the spread of the pathogen and lead to imprecise predictions of where and when to expect high levels of transmission.
